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We propose that anomalous gravitational effects currently attributed to dark matter can
alternatively be explained as a manifestation of the inherent structure of space at galac-
tic length scales. Specifically, we show that the inherent curvature of space amplifies the
gravity of ordinary matter such that the effect resembles the presence of the hypothetical
hidden mass. Our study is conducted in the context of weak gravity, nearly static condi-
tions, and spherically symmetric configuration, and leverages the Cosmic Fabric model
of space developed by Tenev and Horstemeyer [T. G. Tenev and M. F. Horstemeyer, Int.
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1. Introduction
De Swart et al.1 present a good review of the historical analysis of dark matter. The
notion of dark matter (DM) was introduced in the 1920’s and 1930’s by Kapteyn,2
Oort,3,4 Zwicky,5,6 Holmberg,7 and Smith.8 Later, in the 1970’s and 1980’s, it was
popularized by Rubin and Ford9,10 as a way to explain anomalous rotational curves
of galaxies. In addition, DM was also invoked11 to explain gravitational lensing,
which was discovered by Lynds and Petrosian.12 Herein, we will use the term “Dark
Matter effect” (DM effect) to describe such observations of anomalous gravity. The
development of the Standard Cosmological Model, also known as ΛCDM (where
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“CDM” stands for Cold Dark Matter), appealed to DM as a means to balance the
contents of the universe and provide a mechanism for structure formation during
the early epoch since its inception.11 In this context, the ΛCDM model predicted
that DM must be non-baryonic and has to make up a certain fraction of the total
contents of the cosmos, namely about 27%, which is more than 5 times the ordinary
(baryonic) matter which, according to the ΛCDM model, is supposed to comprise
only about 5% of the cosmic content.11 Whereas the DM effect provides an obser-
vational support for DM, by contrast, the idea that DM must make up 27% of the
contents of the universe is model dependent.
Despite the overwhelming evidence for the DM effect, there has been no direct
confirmation13 for the existence of DM, such as would be, for example, the dis-
covery of the particle responsible for DM. The lack of direct evidence for DM has
prompted the development of other models to explain the DM effect, such as the
Modified Newtonian Dynamics (MOND) theory introduced in the 1980’s by Mil-
grom.14 According to MOND, Newton’s Second Law of motion must be modified so
that in the case of very weak acceleration a such that a a0, where a0 is a universal
acceleration scale parameter, the force F associated with a is no longer linear with
respect to a but is proportional to its square. A more narrow formulation of MOND
is one where only Newton’s Gravitational Law needs to be modified as follows:
ma = F =
GMm
µ(a/a0)l2
, a0 = 1.2× 10−10m s−2 (1.1)
where M and m are, respectively, the mass of a gravitating body and that of a
test particle situated a distance l from each other and attracted to each other with
force F . Also, µ(x) is an interpolation function such that µ(x)→ x for x 0, and
µ(x) → 1 otherwise. Using this simple modification to the Gravity Law, MOND
has been successful in explaining the dark matter effect for a great majority of
observations.15 However, there have also been notable outliers, such as galaxies ap-
pearing to have too little16 or too much17 dark matter to fit into MOND’s simple
one-parameter model. Randriamampandry and Carignan18 show that among a sam-
ple of fifteen galaxies, six do not fit well MOND if a0 were treated as a universal
constant but prefer larger or smaller values for it compared to the one given in
Equation (1.1). Problems such as these, and also MOND’s empirical nature, that is
the lack of satisfactory explanation from first principles, have been continual sources
of criticisms. Most recently, Boran et al.19 have argued that the detection of gravi-
tational waves known as GW17081720 has falsified MOND14 and other21,22 “Dark
Matter Emulator” theories as they call them, because these would have predicted,
contrary to observations, that photons and gravitational waves move along different
geodesics.
Herein we propose an alternative explanation to the DM effect, which we call the
“Inherent Structure Hypothesis” (ISH). The ISH is the idea that physical space has
inherent structure, such as inherent curvature, that exists apart from matter and
leads to modified gravity effects. While the ISH refers to inherent structure in gen-
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eral, herein we focus specifically on inherent curvature being one of its quantifiable
attributes.
The Cosmic Fabric analogy of General Relativity proposed by Tenev and Horste-
meyer23,24 helps motivate and analyze the effect of the Inherent Structure Hypoth-
esis. It is a formal analogy interpreting space as a solid body, and the field equations
of General Relativity as the bending equation governing the dynamics of said body.
In this context, if solid matter can have structure, and space is like a solid object,
then it is reasonable to suppose that space too has structure. The work presented
here fits within the current limitations of the Cosmic Fabric model,23,24 namely
weak gravity and slow velocities, because the dark matter effect is observed at such
conditions. The inherent curvature of space represents a modification to the field
equations of General Relativity (GR), because it implies that in the absence of any
matter-energy fields, the components of the Ricci curvature tensor do not all vanish,
but represent the inherent curvature of space. Since the Cosmic Fabric model is an
analogy of GR, any results derived through it should also be derivable from con-
ventional GR once its field equations have been modified to account for background
spatial curvature. Because the ISH does not invoke new physics, but only new initial
configuration, namely an initially curved physical space, it therefore avoids the flaw
that Boran et al.19 point out regarding other DM emulator theories.
The notion of inherent structure must be clarified in the context of the no-
tion of length scale, because there can be diverse kinds of structures depending on
the length scale. By “length scale” we understand a specific range of distances for
which certain physical parameters and laws dominate, while others are of lesser sig-
nificance. For our purpose, we consider the following four length-scales: substructure
(10−36m− 10−10m), continuum (10−10m− 1014m) , structure (1014m− 3× 1024m),
and cosmic (3× 1024m− 1027m) length-scales. The specific ranges are indicated for
the sake of concreteness, but are not intended to be precise. By analogy, the sub-
structure length scale in a conventional material corresponds to the discrete entities
comprising the material. Tenev and Horstemeyer24 discuss briefly the ramification
of physical space having substructure. A more extensive treatment is a subject of
subatomic physics and is beyond the scope of this paper. At continuum length scale,
as the name suggests, physical space is treated as a differentiable manifold. General
Relativity is strictly a continuum scale theory, and at this length scale, the Cos-
mic Fabric model23 yields equivalent results with it. The structure length scale in
a conventional material describes the components of which a mechanical system is
built, such as the trusses in a bridge, for example. The behavior of these compo-
nents depends not only on the continuum properties of their material but also on
their shape. Our investigation of the Inherent Structure Hypothesis focuses on this
length scale, where we have supposed that the space medium forms certain struc-
tures whose intrinsic curvatures can be measured and which in fact manifest as the
effects currently attributed to dark matter. Finally, the cosmic length scale pertains
to the global geometry of the cosmos. To use an analogy: the relationship between
the global geometry of the cosmos versus the geometry at its structure length scale
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is like the relationship between the Earth’s global geometry, which is approximately
spherical, versus that of the local terrain at various regions on the Earth’s surface.
The idea that the DM effect has a geometrical explanation is not new, but has
received relatively little attention so far. For example, Bohmer et al.25 and later
Usman26 propose an “f(R) modified theory of gravity” to explain the DM effect
where the Ricci scalar R, which figures in the Einstein-Hilbert action, is replaced
with some more general expression f(R). In a limited sense, our approach can be
viewed as a special case of an f(R) theory provided that the inherent curvature of
space were constant and can be incorporated as a parameter into f(R). However,
per the ISH proposed here, the inherent curvature must be a field, and so the ISH
is not the same as an f(R) theory. Dolginov27 does consider the inherent geometry
of space as the cause for the DM effect and offers several arguments against the
conventional DM explanation, such as the absence of dense dark matter clouds. He
states that such problems do not exist if the “the dark matter effect is a result of
local non-flat geometry of the empty space.” However, Dolginov27 goes only as far
as to raise the possibility for the role that inherent structure plays, but comes short
of quantifying the effect, and does not compare it to existing DM models as we have
done here.
This paper presents the case for the Inherent Structure Hypothesis (ISH), namely
that the Dark Matter (DM) effect is the manifestation of the inherent structure of
cosmic space above continuum length scale. We show that the inherent curvature of
space amplifies the gravity of ordinary matter that resides within it and we quantify
the effect demonstrating that it can feasibly be one and the same as the DM effect.
By “inherent curvature” we mean the curvature of space that is uncaused by any
matter inclusions. In the context of the Cosmic Fabric analogy of physical space, the
inherent curvature corresponds to the neutral shape of the cosmic medium prior to
it being tensed or compressed. As part of our presentation, we analyze the range of
observations for which the ISH produces equivalent results to other models, namely
the DM and MOND explanations, and we propose ways in which the ISH can be
experimentally distinguished from these models. In order that we can work with
closed form expressions, our calculations are for a spherically symmetric configura-
tion and nearly static conditions, but such limitations are not fundamental to the
ideas presented here. Furthermore, although we develop the Inherent Structure Hy-
pothesis in the context of the Cosmic Fabric model, its validity does not depend on
said model and the same conclusions can be reached by considering solutions to the
GR equations that have been modified to account for inherent intrinsic curvature.
In the remainder of the paper, we introduce the mathematical tools used for
handling spherically symmetric inherent curvature (Section 2), after which we derive
the expressions for how said curvature affects gravity of ordinary matter (Section 3)
and how much of it is required to reproduce the effect of a given hypothetical DM
distribution. In the Discussion section (Section 4) we analyze the conditions under
which the Inherent Structure Hypothesis (ISH) proposed here is observationally
equivalent with DM and we offer ways to distinguish between the two explanations;
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we also compare ISH with MOND in the context of sample galactic data, and
discuss implication to cosmological models and future work. Finally, we summarize
and conclude in Section 5.
2. Spherically symmetric inherent curvature
We adapt the coordinate conventions described in23 for a cosmic fabric with a
spherically symmetric inherent curvature. The cosmic fabric (physical space) is
considered as immersed in a four dimensional hyperspace within which it can de-
form. The enclosing hyperspace is flat and has been assigned Cartesian coordinates
yK , K = 1 . . . 4. Within this space, the fabric’s spherical symmetry manifests as
radial symmetry whose profile is visualized in Fig. 1. Let yK be such that y4 is
aligned with the axis of symmetry and y4 = w(r), where r is the distance from y4.
Another set of coordinates xi, i = 1 . . . 3 is painted on the fabric, such that xi = yi.
The time coordinate of the fabric, x0, is defined as usual such that x0 ≡ ct, where
c is the speed of light and t is time.
Here, and for the remainder of the paper we have adopted the following no-
tational convention: A bar over the variable name of a quantity indicates that it
pertains to the inherent curvature (undeformed configuration) of the cosmic fab-
ric. Upper-case Latin indexes run over the four dimensions of hyperspace (1 . . . 4),
lower-case Latin indexes run over the three ordinary spatial dimensions (1 . . . 3),
and Greek indexes run over the four spacetime dimensions (0 . . . 3), where the 0th
dimension is time scaled by the speed of light c, so it has units of space. Since
the fabric represents physical three-dimensional (3D) space, xi are the coordinates
which we have assigned to 3D space in this manner.
2.1. Derivatives of Radial Functions
Spherical symmetry allows us to define and analyze the configuration in terms of
radial functions that only depend on the distance r from the symmetry center.
Consider the radial function f = f(r). Given that r2 =
∑3
i=1(x
i)2, therefore:
∂ir =
xi
r
∂if = f
′∂ir = f ′
xi
r
∂iif = f
′′ (x
i)2
r2
+ f ′
1
r
− f ′ (x
i)2
r3
, (no summation)
∇2f = f ′′ + 3f ′ 1
r
− f ′ 1
r
= f ′′ + 2f ′
1
r
(2.1)
Also, due to the spherical symmetry and without loss of generality, we will only
need the values of the above derivatives at conveniently chosen coordinates, such as
the following:
x1 = r; x2 = x3 = 0 (2.2)
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Fig. 1. Profile of a spherically symmetric hypersurface (radially symmetric in four-dimensional
space) with material coordinates (x1, x2, x3) immersed within a four dimensional reference space
with coordinates (y1, y2, y3, y4). The y4 axis has been aligned with the axis of symmetry and y4 =
w(r), where r is the distance from the symmetry axis. The hypersurface coordinates xi have been
assigned such that xi = yi. The relationship between the radial distance element dr, transverse
displacement element dw, and proper length element dl is also indicated; if dl2 = dw2 + dr2, then
l′ = 1 + w′ where the apostrophe indicates differentiation with respect to r.
At these coordinates, the derivatives of f are as follows:
∂1f = f
′; ∂11f = f ′′; ∂22f = ∂33f =
1
r
f ′ (2.3)
where apostrophe indicates differentiation with respect to r.
2.2. Derivatives of the Reference Coordinates
The derivatives of the reference coordinates yK are used to calculate various geo-
metric quantities. We first evaluate the general form of these derivatives, after which
we compute them for the choice of coordinates in Equation (2.2).
Let ∂iy
K ≡ ∂∂xi yK and w′ ≡ ddrw, and likewise for the second derivatives. Then,
∂iy
4 =
xi
r
w′
∂ijy
4 =
xixj
r2
w′′ +
1
r
w′
(
δij − x
ixj
r2
)
∂iy
k = δki
(2.4)
where δij is the Kronecker delta. At the chosen coordinates (2.2), the derivatives of
yK become as follows:
[∂iy
K ] =
 1 0 0 w′r′0 1 0 0
0 0 1 0
 ; [∂ijy4] =
w′′ 0 00 1rw′ 0
0 0 1rw
′
 ; ∂ijyk = 0 (2.5)
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2.3. Spatial Metric Tensor
The undeformed spatial metric gij can be computed as the inner product of the
three surface tangent vectors ∂iy
L:
gij = ∂iy
L∂jy
L (2.6)
For the chosen coordinates (2.2),
[gij ] =
 1 + (w′)2 0 00 1 0
0 0 1
 =
 (l′)2 0 00 1 0
0 0 1

[gij ] = [gij ]
−1 =
 (l′)−2 0 00 1 0
0 0 1

(2.7)
where we have made the following substitution:
(l′)2 = (w′)2 + 1 (2.8)
such that l = l(r) represents the proper radial distance from the center of symmetry,
that is, the distance as measured from within the fabric (see Fig. 1).
The first derivatives of the metric can be computed by differentiating Equa-
tion (2.6) and evaluating at the special coordinates (2.2). The only non-vanishing
derivatives are the following:
∂1g11 = 2l
′l′′
∂2g12 = ∂2g21 = ∂3g13 = ∂3g31 =
(l′)2 − 1
r
(2.9)
2.4. Christoffel Symbols
The Christoffel symbols Γmij characterize how inherent curvature affects field deriva-
tives. These can be calculated from the metric as follows:
Γmij =
1
2
gmk (∂jgki + ∂igjk − ∂kgij) , (2.10)
We proceed to evaluate these for the special coordinate choice (2.2). For the chosen
coordinates, the metric is diagonal so we will only need to evaluate those Christoffel
symbols for which i = j. We do so using the metric values from Equations (2.7) and
(2.9). Of the evaluated Christoffel symbols, only the following are non-vanishing:
Γ111 =
1
2
g11∂1g11 =
l′l′′
(l)2
Γ122 = g
11∂2g12 =
(l′)2 − 1
r(l′)2
Γ133 = g
11∂3g13 =
(l′)2 − 1
r(l′)2
(2.11)
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3. Gravity in the context of inherent spherically symmetric
curvature
Consider physical space with radially symmetric inherent curvature specified by the
displacement function w as per the discussion in Section 2, which has been deformed
due to the presence of a gravitating mass where gij represents its deformed metric,
and gµν is the metric of the resulting spacetime. A free-falling particle moves along
a spacetime geodesic whose equation is given by,
x¨α + Γαµν x˙
µx˙ν = 0, such that gαβΓ
α
µν =
1
2
(∂νgµβ + ∂µgβν − ∂βgµν) (3.1)
where the dot notation represents differentiation with respect to proper time. Con-
sider a particle initially at rest with respect to the fabric and located at the chosen
coordinates (2.2). Due to the spherical symmetry, the following reasoning applies to
any particle that is a distance r from the symmetry center. Because the particle is
at rest, its initial four-velocity is such that x˙0 = c and x˙i = 0, where c is the speed
of light. Under these circumstances, Equation (3.1) reduces to the following,
x¨1 + c2Γ100 = 0, s.t. g11Γ
1
00 =
1
2
(−∂1g00)
∴ x¨1 = c2 ∂1g00
2g11
≈ c2 ∂1g00
2g11
= c2
∂1g00
2(l′)2
(3.2)
The approximation in (3.2) invokes the weak gravity (small strains) assumption
due to which the deformed and undeformed metrics are nearly identical, gij ≈ gij .
However, note that such approximation does not necessarily apply for the spatial
derivatives of gij and gij .
Let a ≡ l¨ be the proper radial acceleration, where l stands for the deformed
radial distance. Again, due to the weak gravity (small strains) assumption, we can
approximate l ≈ l (the deformed and undeformed proper distances are about the
same), and because of the assumed nearly static conditions, the approximation can
be carried to the time derivatives so that l¨ ≈ l¨. Under the nearly static conditions,
l′ also does not change significantly in time, so l¨ ≈ x¨1l′ and thus a ≈ x¨1l′, which
combined with Equation (3.2) produces the following:
a ≈ x¨1l′ = c2 ∂1g00
2l′
= c2
∂rg00
2l′
(3.3)
The last equality takes advantage of the spherical symmetry to generalize the ex-
pression for a to any location that is a distance r from the symmetry center.
From the Time Lapse postulate of the Cosmic Fabric model23 one can derive the
following relationship between the time-time component of the deformed spacetime
metric and the three-dimensional volumetric strain ε (see Equations (2.10) and
(2.11) in Ref. 23 where ε3D was used to denote the three dimensional volumetric
strain, but here we have dropped the superscript 3D for clarity):
g00 = −(1 + ε)−2 ≈ −1 + 2ε (3.4)
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Recall that the volumetric strain ε is a scalar field characterizing the deformation of
the fabric in terms of its fractional volumetric increase at a given location in space.
Equation (3.4) combined with Equation (3.3) yields the following:
a = c2
ε′
l′
, (3.5)
where we have replaced the approximation sign with an equality sign that applies
in the regime of weak gravity (small strains) and nearly static conditions. Notice
that the radial derivative of the acceleration, a′, is as follows:
a′ = c2
1
l′
ε′′ − c2 l
′′
(l′)2
ε′ (3.6)
The Inclusion Postulate of the Cosmic Fabric model23 relates the volumetric
strain ε to the density of the gravitating mass. For inherently curved space we must
use covariant derivatives, in terms of which the Inclusion Postulate is as follows:
∇i(∇iε) = −1
2
c2κρ (3.7)
where ∇i is the covariant derivative with respect to the xi coordinate, c is the
speed of light, ρ is the density of the inclusion, and κ is the Einstein constant.
The covariant Laplacian can be evaluated from the following identity and using the
Christoffel symbols (2.11):
∇i(∇iε) =gij
(
∂ijε− Γmij∂mε
)
=g11∂11ε− g11Γ111∂1ε
+ g22∂22ε− g22Γ122∂1ε
+ g33∂33ε− g33Γ133∂1ε
=
1
(l′)2
[
ε′′ − l
′′
l′
ε′ +
2
r
ε′
] (3.8)
In the last step of the above derivation, we have used the result from Equation (2.1)
for the derivatives of a radial function. Combining Equations (3.5) - (3.8), we arrive
at the following surprisingly simple differential equation in terms of the proper
acceleration:
a′ +
2
r
a = −1
2
c4κρl′ (3.9)
whose general solution has the following form:
a(r) = − 1
r2
(
C1 +
1
2
c4κ
∫ r
0
ρl′ξ2dξ
)
(3.10)
where C1 is a constant of integration, and ξ is the integration variable representing
the coordinate distance from the center of symmetry. To avoid instability as r → 0,
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Fig. 2. The inherent shape of space causing the “Dark Matter” effect. A test particle at P and
a proper distances l from a body of mass MB that is located at B experiences gravitational
acceleration aP . The magnitude of aP is greater than predicted by the Inverse Square Law in
terms of l, but matches the predication of said law when the projected (coordinate) distance r is
used instead of l. The critical coordinate distance rc represents the limit within which the Inherent
Structure Hypothesis is observationally equivalent to the hypothetical presence of dark matter.
Typically, rc extends beyond the edge of visible galactic matter.
we require that C1 = 0. Furthermore, since κ ≡ 8piG/c4, where G is the gravitational
constant, Equation (3.10) becomes the following,
a(r) = −G
r2
∫ r
0
ρ(4piξ2)l′dξ = −GM(r)
r2
(3.11)
where M(r) represents the gravitating mass enclosed within the coordinate radius
r. That is because the expression (4piξ2)l′dξ represents the volume of a spherical
shell with coordinate radius r, surface area 4piξ2 and thickness l′dξ.
Equation (3.11) is none other than Newton’s Gravitational Law but expressed
in terms of the coordinate distance to the gravitating mass instead of the proper
distance. This result is true for our particular choice of coordinates where the co-
ordinate distance r is actually the projection of the proper distance l onto a flat
hypersurface that is perpendicular to the axis of symmetry, as illustrated in Fig. 2.
Equation (3.11) and Fig. 2 show how the presence of inherent curvature amplifies
the gravitational effective of ordinary matter: since r ≤ l, the resulting acceleration
is greater than what one would have expected from applying Newton’s Gravity
Law with the proper distance l. The additional gravitational acceleration might
be interpreted as caused by invisible mass, that is dark matter. However, as we
demonstrated above, such extra gravitational acceleration can also be explained by
the inherent curvature of space.
4. Discussion
Below we compare the Inherent Structure Hypothesis (ISH) to other explanations of
the Dark Matter effect, and propose how these can be experimentally distinguished
from one another. We also discuss the implication of the ISH to cosmological models.
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4.1. Conditions for observational equivalence and falsifiability
We analyze below under what conditions is the Inherent Structure Hypothesis ob-
servationally equivalent to the Dark Matter explanation of the Dark Matter effect.
For this purpose, we consider the following two questions:
(1) Can the effect of any given dark matter distribution be equivalently explained
by a geometrically consistent inherent curvature, and
(2) Can the effect of any given inherent curvature be equivalently explained by a
physically admissible dark matter distribution?
By “geometrically consistent” we mean that the fabric’s material does not intersect
itself and has no kinks. Also, for the dark matter distribution to be “physically
admissible,” we require that it has finite non-negative density. Below, we answer
the above questions in the context of spherical symmetry, but we expect that the
responses also apply more generally.
To answer the first question above, consider the radial functionsMDM = MDM(r)
and M = M(r) representing, respectively, the hypothetical dark matter mass and
ordinary mass enclosed within some coordinate radius r that corresponds to proper
distance from the center l = l(r). According to the Dark Matter Hypothesis, one
would expect that the proper acceleration is a = −G(M +MDM)/l2, which in view
of Equation (3.11) implies the following:
l = r
√
1 +
MDM
M
(4.1)
l′ =
√
1 +
MDM
M
+
r(MDM/M)
′
2
√
1 +MDM/M
(4.2)
Equation (4.2) fully specifies the equivalent inherent curvature, because once l′ is
known, the displacement function w can be computed from Equation (2.8) up to
a rigid translation. For the resulting curvature to be geometrically consistent, we
require that 1 ≤ l′ <∞. From Equation (4.2), it is clear that except in the complete
absence of visible matter (M = 0) it must be the case that l′ < ∞. Furthermore,
as long as the ratio between dark to visible matter increases with distance from the
center, then (MDM/M)
′ ≥ 0 and so l′ ≥ 1. Both of these are consistent with known
observations, because the Dark Matter effect is always observed along with visible
matter. Also, dark matter is supposed to dominate the exterior of the galaxies, so
that the ratio of the dark to visible matter content enclosed within a given radius
increases in the outward direction. Therefore, any known distribution of dark matter
can be modeled as inherent curvature.
To answer the second question above, we now consider how an inherent curvature
profile specified by the proper distance function l = l(r) is interpreted as dark
matter content MDM(r). For simplicity, we will focus on distances sufficiently far
away from the center of symmetry beyond which the enclosed visible mass does not
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increase appreciably so that M(r) ≈ const. This simplification is consistent with
the structure of galaxies and dark matter models where most of the visible mass is
concentrated within the galactic center, while the dark matter halo is supposed to
extend well beyond the visible mass of the galaxy. By rearranging Equation (4.1)
we obtain the following:
MDM = M
(
l2
r2
− 1
)
; M ′DM = 2
Ml
r2
(
l′ − l
r
)
(4.3)
For MDM to be physically admissible, we require that M
′
DM ≥ 0, since the reverse
implies negative dark matter density. Therefore, we require that,
l′ ≥ l
r
(4.4)
Beyond the boundary of the hypothetical dark matter halo, M ′DM = 0, so l
′ = l/r
implying that l′ = const. Therefore, within the dark matter halo where M ′DM > 0,
we would expect that l′ is monotonically increasing. So, in general, l′ has to be
non-decreasing for the DM effect due to inherent curvature to be explainable by
actual dark matter. In other words, we conclude the following:
l′′ ≥ 0 (4.5)
Given the relationship between w and l where (w′)2 = (l′)2 − 1, Equation (4.5)
means that the radial function w(r) should not change concavity for the equivalent
dark matter to be physically admissible as such.
Unless the inherent curvature of space can be maintained globally for the entire
cosmos, it will necessarily be the case that beyond certain critical radius rc the
condition stated in Equation (4.5) no longer applies. As Fig. 2 and Fig. 3 illustrate,
beyond rc, the concavity of w(r) must reverse for the local inherent curvature to
return to flat or to some lesser curvature that can be maintained globally. Therefore,
beyond such rc the Inherent Structure and the Dark Matter hypotheses are no longer
observationally equivalent.
Beyond the critical radius rc, the expected observational differences between the
Inherent Structure and the Dark Matter explanations, provide a way to verify one
and falsify the other. In particular, per the Inherent Structure Hypothesis (ISH):
(1) At sufficiently large distances from the center of the hypothetical dark matter
halo, the dark matter effect will reverse and eventually disappear as if the halo
were not present. In other words, a test particle orbiting a galaxy well beyond
the critical distance rc will behave as if no dark matter were enclosed within its
orbit.
(2) Gravitational systems for which the DM effect is observed will exhibit a rela-
tively more pronounced edge at approximately the critical distance rc compared
to gravitational systems that do not exhibiting the DM effect.
(3) On the cosmic length-scale, the hypothetical “dark matter” will have no net
contributions to the contents of the universe. Note that the currently estimated
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27% dark matter content is a model-dependent result and therefore does not
necessarily falsify the ISH.
Confirming or falsifying any of the above predictions will either confirm or falsify
the Inherent Structure hypothesis.
4.2. Comparison with Modified Newtonian Dynamics (MOND)
We show below that the Inherent Structure Hypothesis yields equivalent results with
MOND to within a critical radius rc for an appropriately chosen inherent curvature
profile w(r). For this purpose, we use the following interpolation function:
µ(a/a0) =
1
1 + a0/a
(4.6)
Substituting Equation (4.6) into Equation (1.1) and solving tor a yields the follow-
ing:
a = −GM
2l2
1 +
√
1 +
4a0l2
GM
 (4.7)
At the same time, since a = −GM/r2 per Equation (3.11), where r is the coordinate
distance, therefore:
1
r2
=
1
2l2
1 +
√
1 +
4a0l2
GM
 , (4.8)
which when solved for l, produces the following result:
l = r
√
1 + a0
r2
GM
(4.9)
From Equation (4.9) we can determine l′, which substituted into Equation (2.8)
brings us to the following result for the displacement w:
(w′)2 = r2
3s2 + 4r2
s(s2 + r2)
; s ≡
√
GM
a0
w′ =
r
s
√
3s2 + 4r2
s2 + r2
(4.10)
where s is a scale parameter characterizing the gravitating mass M . The solution
for w, which is also plotted in Fig. 3, is as follows:
w =
s
2
√
AB − s
4
ln
(
2
√
A+
√
B
)
A ≡ (r/s)2 + 1; B ≡ 4(r/s)2 + 3,
(4.11)
The actual profile of the inherent structure of space need not match exactly
the MOND-equivalent one; Fig. 3 shows how the two might diverge beyond certain
critical distance rc. If rc is sufficiently far outside the edge of the gravitational system
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MOND-equivalent 
profile
Inherent Structure
profile
Fig. 3. The inherent curvature profile whose effect is equivalent to the MOND model up to a
certain critical distance rc. The deviation of the actual inherent structure profile from the MOND-
equivalent one takes place beyond the critical distance. The vertical displacement is given by
w = 1
2
s
√
AB− 1
4
s ln
(
2
√
A +
√
B
)
, where A ≡ (r/s)2+1, B ≡ 4(r/s)2+3, s ≡√GM/a0, and a0,
G, and M are, respectively, the MOND parameter, the gravitational constant, and the gravitating
mass whose gravity is being amplified by the inherent curvature.
under consideration, then the variance with MOND may not be readily observed.
That is why in Fig. 3, the critical distance is illustrated for the case where rc > s.
When the actual inherent structure profile illustrated in Fig. 3 is revolved around
the transverse axis, the result is the shape in Fig. 2.
Table 1 shows that within a diverse sample of galaxies, the vast majority conform
to the profile illustrated in Fig. 3. The table shows that for most galaxies, the
characteristic scale s is greater than the radius R of the visible galactic mass, and is
also within an order of magnitude of it. Note that in this caseR represents the proper
distance, which is in general longer than the corresponding undeformed coordinate
distance. Therefore, s being greater than R also implies that s is greater than
the corresponding coordinate distance. In a few cases, like the Cartwheel galaxy,
where the galactic radius appears to exceed the characteristic scale s, the associated
inherent structure of space likely differs from the generic profile in Fig. 3. In the
case of the Cartwheel galaxy, for example, such variance is not surprising because
of the unusual shape of that galaxy.
Interestingly, the relationship between R and s illustrated in Table 1 also holds
for our Solar System, which suggests that it may apply to smaller gravitational
systems and not just galaxies. For example, in the case of the Solar System, M ≈
1M, R = 1.43× 1014m (the distance between the Sun and the planet Sedna), and
consequently R/s = 0.14.
The above comparison between the Inherent Structure Hypothesis (ISH) and
MOND serves to validate ISH, because MOND has been empirically shown to pro-
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Table 1. Apparent masses and sizes of galaxies 25× 103 - 13.4× 109 light
years from Earth. The list is sorted by distance from Earth. The scale factor
s =
√
GM/a0, where a0 is the MOND parameter, is characteristic of the
inherent curvature of space associated with that galaxy. The visible radius
R is to within an order of magnitude of the characteristic scale s. This
relationship appears to hold for a broad variety of galaxies. The acronyms
LMC and SMC stand for Large Magellanic Cloud and Small Magellanic
Cloud, respectively.
Galaxy Mass M Radius R R/s
[109M] [103 ly]
Milky Way28–32 1000 50.0 0.45
LMC33 10 7.0 0.63
SMC33 7 3.5 0.38
Andromeda34–36 1000 110.0 0.99
M3337,38 50 30.0 1.21
Pinwheel39 100 85.0 2.42
Whirlpool40,41 160 30.0 0.67
Sunflower (M63)42 140 49.0 1.18
M7743 1000 85.0 0.76
Condor44,45 100 261.0 7.42
Cartwheel46 4 75.0 10.67
Malin 147 1000 325.0 2.92
Phoenix Cluster48 2000000 550.0 0.11
GN-z1149 1 1.5 0.43
vide good explanation for the DM effect in most cases.15,50
At the same time, the ISH provides a more general and potentially more precise
explanation than MOND. Being a single-parameter model, MOND still leaves a
considerable number of outliers18 where a0 is either too large or too small. By
contrast per the ISH such cases simply reflect, respectively, less or more inherent
curvature. Furthermore, MOND calls for the modification of a fundamental law
of nature, such as Newton’s Second Law of motion, or at the very least Newton’s
Gravity Law, which has far reaching effects. By contrast, the ISH only refers to
the properties of a specific object of nature, namely physical space, and only in a
specific region. Finally, there are clues within MOND and also from the analysis
above to suggest that the likely explanation for the DM effect is geometrical in
nature. One such clue is that the MOND parameter a0, which has been empirically
derived, when expressed as length, lMOND ≡ c2/a0 = 7.5× 1026m, is comparable to
the Hubble distance, lH = c/H0 = 1.4× 1026m where H0 is the Hubble parameter.
At the same time, the Hubble distance is characteristic of the size of the observable
universe. Another clue is that the characteristic length scale s computed for each
gravitational system based on the MOND hypothesis, happens to be comparable to
the geometrical size of said system (see Table 1). Both of these “coincidences” are
empirical as opposed to an artifact of the model, so they point to some geometrical
(or structural) characteristics of the underlying reality. MOND’s single parameter
model seems like a first order approximation for the inherent structure of space.
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4.3. Implication to cosmological models
Like MOND and other dark matter alternative models, the Inherent Structure Hy-
pothesis (ISH) is incompatible with the ΛCDM model, which critically depends on
the existence of non-baryonic dark matter.11 Even more fundamentally, the ΛCDM
model depends on the presupposition known as the Cosmological Principle11 that
at the cosmic length scale (greater than 100 Mpc or 3 × 1024m) the universe is
homogeneous and isotropic, which in essence is a presupposition about the absence
of structure at that scale.
By contrast, ISH is based on the presupposition that structure is a fundamental
property of nature, and as such, it is an essential element in cosmological models
that adopt the same view. Indeed, common experience shows that every sufficiently
complex functioning system exhibits structure at its greatest length scale and so the
cosmos should be no exception. For this reason, it is quite likely that new cosmo-
logical data will soon conclusively repudiate the Cosmological Principle triggering
the revision of the Standard Cosmological Model to account for structure at every
length scale. The ISH will be well fitted for such a revised cosmological model.
What would a cosmological model based on the presupposition of structure look
like? According the ISH, the inherent curvature of space is uncaused by matter, and
yet, the galaxy data in Table 1 demonstrates a correlation between inherent curva-
ture and matter. Therefore, one must conclude that the there is a causal relationship
after all but in reverse: the inherent structure of space is what causes matter to form
galaxies and galactic clusters in the first place. This idea may also explain the so
called Large Scale Structure of the universe consisting of walls and filaments made
up of galaxies and galactic clusters that appear organized into definite forms, but
are not gravitationally bound together. New cosmological models may appeal to
the inherent structure of space as the seed needed for matter-structure formation
similarly to how the ΛCDM model appeals to dark matter for the same purpose.
4.4. Future Work
With the help of numerical simulations, the work presented in this paper can be
used to interpret existing observations of the DM effect to create a map of the
inherent structure of cosmic space much like echo sonars can create a map of the
Earth’s ocean floor. For this purpose, the work herein will need to be generalized to
non-symmetric configurations, which can be accomplished, for example, by approx-
imating such configurations as the linear superposition of symmetric ones. If the
resulting map reveals an inherent cosmic structure that is geometrically consistent,
then such discovery will add credence to the Inherent Structure Hypothesis.
Another area of future work is devising experiments that can distinguish between
the Inherent Structure Hypothesis (ISH) and other models that attempt to explain
the Dark Matter effect. Such experiments would involve, for example, measuring
anomalous gravity outside the edges of galaxies to detect whether the supposed
inherent curvature begins to attenuate (see the dashed line in Fig. 3).
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5. Summary and Conclusion
We showed that the inherent curvature of physical space (that is curvature uncaused
by matter) amplifies the gravitational effects of ordinary matter and produces the
kind of gravitational anomalies that are currently attributed to the presence of dark
matter (DM). We proposed the Inherent Structure Hypothesis (ISH) stating that
the so called DM effect is the manifestation of the inherent structure of space at
galactic length-scales, and not the result of invisible mass.
We demonstrated that any DM effect, which can be explained by the Modified
Newtonian Dynamics (MOND) theory or by the presence of a DM halo, can be
equally well explained by the ISH. At the same time, we showed, ISH allows for DM
effects that cannot be explained by MOND or by DM halos. Therefore, we concluded
that the Inherent Structure and DM explanations are observationally equivalent
with each other to within some distance from the center of a gravitating system.
However, beyond such distance, the ISH predicts that the gravitational impact of the
hypothetical dark matter begins to be reversed and is nearly completely eliminated
at sufficiently far distances. This is a verifiable prediction that would distinguish
our model from other explanations of the DM effect.
In the comparison between the ISH and MOND we noted an interesting relation-
ship between the size of a gravitational system and its Schwartzchild radius through
the MOND parameter a0. Such relationship hinted at the structural underpinnings
of the DM effect.
The Inherent Structure Hypothesis stems from the principle that structure is
a fundamental aspect of matter, space, and nature in general, and as such can be
incorporated into cosmological models that subscribe to the same principle.
References
1. J. G. de Swart, G. Bertone and J. van Dongen, Nature Astronomy 1 (Mar 2017) 0059,
arXiv:1703.00013.
2. J. C. Kapteyn, The Astrophysical Journal 55 (May 1922) 302.
3. J. Oort, Bulletin of the Astronomical Institutes of the Netherlands 3 (1927) 275.
4. J. Oort, Bulletin of the Astronomical Institutes of the Netherlands 6 (1932) 249.
5. F. Zwicky, Helvetica Physica Acta, Vol. 6, p. 110-127 6 (1933) 110.
6. F. Zwicky, The Astrophysical Journal 86 (Oct 1937) 217.
7. E. Holmberg, Annals of the Observatory of Lund 6 (1937) 3.
8. S. Smith, Astrophysical Journal 83 (1936) 23.
9. V. C. Rubin and W. K. J. Ford, The Astrophysical Journal 159 (Feb 1970) 379.
10. V. C. Rubin, N. Thonnard and W. K. J. Ford, The Astrophysical Journal 238 (Jun
1980) 471.
11. A. Liddle, An Introduction to Modern Cosmology (Wiley, 2015).
12. R. Lynds and V. Petrosian, Bulletin of the American Astronomical Society 18 (1986)
1014.
13. J. Liu, X. Chen and X. Ji, Nature Physics 13 (Mar 2017) 212, arXiv:1709.00688.
14. M. Milgrom, The Astrophysical Journal 270 (Jul 1983) 365.
15. M. Milgrom, Monthly Notices of the Royal Astronomical Society 437 (Jan 2014) 2531,
arXiv:1212.2568.
February 25, 2019 1:49 WSPC/INSTRUCTION FILE dark-matter-effect
18 T G Tenev, M F Horstemeyer
16. P. van Dokkum, S. Danieli, Y. Cohen, A. Merritt, A. J. Romanowsky, R. Abraham,
J. Brodie, C. Conroy, D. Lokhorst, L. Mowla, E. O’Sullivan and J. Zhang, Nature 555
(Mar 2018) 629.
17. I. A. Mohammed Ali, C.-Y. Hwang, Z. Zainal Abidin and A. L. Plunkett, Sains
Malaysiana 47 (Jun 2018) 1241.
18. T. H. Randriamampandry and C. Carignan, Monthly Notices of the Royal Astronom-
ical Society 439 (Apr 2014) 2132.
19. S. Boran, S. Desai, E. O. Kahya and R. P. Woodard, Physical Review D 97 (Feb 2018)
041501, arXiv:1710.06168.
20. B. P. Abbott, R. Abbott, T. D. Abbott, F. Acernese, K. Ackley, C. Adams, T. Adams,
P. Addesso, R. X. Adhikari, V. B. Adya, C. Affeldt, M. Afrough, B. Agarwal,
M. Agathos, K. Agatsuma, N. Aggarwal, O. D. Aguiar, L. Aiello, A. Ain, P. Ajith,
B. Allen, G. Allen, A. Allocca, P. A. Altin, A. Amato, A. Ananyeva, S. B. Ander-
son, W. G. Anderson, S. V. Angelova, S. Antier, S. Appert, K. Arai, M. C. Araya,
J. S. Areeda, N. Arnaud, K. G. Arun, S. Ascenzi, G. Ashton, M. Ast, S. M. As-
ton, P. Astone, D. V. Atallah, P. Aufmuth, C. Aulbert, K. AultONeal, C. Austin,
A. Avila-Alvarez, S. Babak, P. Bacon, M. K. M. Bader, S. Bae, M. Bailes, P. T. Baker,
F. Baldaccini, G. Ballardin, S. W. Ballmer, S. Banagiri, J. C. Barayoga, S. E. Barclay,
B. C. Barish, D. Barker, K. Barkett, F. Barone, B. Barr, L. Barsotti, M. Barsuglia,
D. Barta, S. D. Barthelmy, J. Bartlett, I. Bartos, R. Bassiri, A. Basti, J. C. Batch,
M. Bawaj, J. C. Bayley, M. Bazzan, B. Be´csy, C. Beer, M. Bejger, I. Belahcene, A. S.
Bell, B. K. Berger, G. Bergmann, S. Bernuzzi, J. J. Bero, C. P. L. Berry, D. Bersanetti,
A. Bertolini, J. Betzwieser, S. Bhagwat, R. Bhandare, I. A. Bilenko, G. Billingsley,
C. R. Billman, J. Birch, R. Birney, O. Birnholtz, S. Biscans, S. Biscoveanu, A. Bisht,
M. Bitossi, C. Biwer, M. A. Bizouard, J. K. Blackburn, J. Blackman, C. D. Blair,
D. G. Blair, R. M. Blair, S. Bloemen, O. Bock, N. Bode, M. Boer, G. Bogaert, A. Bohe,
F. Bondu, E. Bonilla, R. Bonnand, B. A. Boom, R. Bork, V. Boschi, S. Bose, K. Bossie,
Y. Bouffanais, A. Bozzi, C. Bradaschia, P. R. Brady, M. Branchesi, J. E. Brau, T. Bri-
ant, A. Brillet, M. Brinkmann, V. Brisson, P. Brockill, J. E. Broida, A. F. Brooks,
D. A. Brown, D. D. Brown, S. Brunett, C. C. Buchanan, A. Buikema, T. Bulik,
H. J. Bulten, A. Buonanno, D. Buskulic, C. Buy, R. L. Byer, M. Cabero, L. Cadonati,
G. Cagnoli, C. Cahillane, J. Caldero´n Bustillo, T. A. Callister, E. Calloni, J. B. Camp,
M. Canepa, P. Canizares, K. C. Cannon, H. Cao, J. Cao, C. D. Capano, E. Capocasa,
F. Carbognani, S. Caride, M. F. Carney, G. Carullo, J. Casanueva Diaz, C. Casentini,
S. Caudill, M. Cavaglia`, F. Cavalier, R. Cavalieri, G. Cella, C. B. Cepeda, P. Cerda´-
Dura´n, G. Cerretani, E. Cesarini, S. J. Chamberlin, M. Chan, S. Chao, P. Charlton,
E. Chase, E. Chassande-Mottin, D. Chatterjee, K. Chatziioannou, B. D. Cheeseboro,
H. Y. Chen, X. Chen, Y. Chen, H.-P. Cheng, H. Chia, A. Chincarini, A. Chiummo,
T. Chmiel, H. S. Cho, M. Cho, J. H. Chow, N. Christensen, Q. Chu, A. J. K. Chua,
S. Chua, A. K. W. Chung, S. Chung, G. Ciani, R. Ciolfi, C. E. Cirelli, A. Cirone,
F. Clara, J. A. Clark, P. Clearwater, F. Cleva, C. Cocchieri, E. Coccia, P.-F. Co-
hadon, D. Cohen, A. Colla, C. G. Collette, L. R. Cominsky, M. Constancio, L. Conti,
S. J. Cooper, P. Corban, T. R. Corbitt, I. Cordero-Carrio´n, K. R. Corley, N. Cornish,
A. Corsi, S. Cortese, C. A. Costa, M. W. Coughlin, S. B. Coughlin, J.-P. Coulon, S. T.
Countryman, P. Couvares, P. B. Covas, E. E. Cowan, D. M. Coward, M. J. Cowart,
D. C. Coyne, R. Coyne, J. D. E. Creighton, T. D. Creighton, J. Cripe, S. G. Crow-
der, T. J. Cullen, A. Cumming, L. Cunningham, E. Cuoco, T. Dal Canton, G. Da´lya,
S. L. Danilishin, S. D’Antonio, K. Danzmann, A. Dasgupta, C. F. Da Silva Costa,
V. Dattilo, I. Dave, M. Davier, D. Davis, E. J. Daw, B. Day, S. De, D. DeBra, J. De-
gallaix, M. De Laurentis, S. Dele´glise, W. Del Pozzo, N. Demos, T. Denker, T. Dent,
February 25, 2019 1:49 WSPC/INSTRUCTION FILE dark-matter-effect
Dark Matter Effect 19
R. De Pietri, V. Dergachev, R. De Rosa, R. T. DeRosa, C. De Rossi, R. DeSalvo,
O. de Varona, J. Devenson, S. Dhurandhar, M. C. Dı´az, T. Dietrich, L. Di Fiore,
M. Di Giovanni, T. Di Girolamo, A. Di Lieto, S. Di Pace, I. Di Palma, F. Di Renzo,
Z. Doctor, V. Dolique, F. Donovan, K. L. Dooley, S. Doravari, I. Dorrington, R. Dou-
glas, M. Dovale A´lvarez, T. P. Downes, M. Drago, C. Dreissigacker, J. C. Driggers,
Z. Du, M. Ducrot, R. Dudi, P. Dupej, S. E. Dwyer, T. B. Edo, M. C. Edwards, A. Ef-
fler, H.-B. Eggenstein, P. Ehrens, J. Eichholz, S. S. Eikenberry, R. A. Eisenstein, R. C.
Essick, D. Estevez, Z. B. Etienne, T. Etzel, M. Evans, T. M. Evans, M. Factourovich,
V. Fafone, H. Fair, S. Fairhurst, X. Fan, S. Farinon, B. Farr, W. M. Farr, E. J.
Fauchon-Jones, M. Favata, M. Fays, C. Fee, H. Fehrmann, J. Feicht, M. M. Fejer,
A. Fernandez-Galiana, I. Ferrante, E. C. Ferreira, F. Ferrini, F. Fidecaro, D. Fin-
stad, I. Fiori, D. Fiorucci, M. Fishbach, R. P. Fisher, M. Fitz-Axen, R. Flaminio,
M. Fletcher, H. Fong, J. A. Font, P. W. F. Forsyth, S. S. Forsyth, J.-D. Fournier,
S. Frasca, F. Frasconi, Z. Frei, A. Freise, R. Frey, V. Frey, E. M. Fries, P. Fritschel,
V. V. Frolov, P. Fulda, M. Fyffe, H. Gabbard, B. U. Gadre, S. M. Gaebel, J. R. Gair,
L. Gammaitoni, M. R. Ganija, S. G. Gaonkar, C. Garcia-Quiros, F. Garufi, B. Gate-
ley, S. Gaudio, G. Gaur, V. Gayathri, N. Gehrels, G. Gemme, E. Genin, A. Gennai,
D. George, J. George, L. Gergely, V. Germain, S. Ghonge, A. Ghosh, A. Ghosh,
S. Ghosh, J. A. Giai, Physical Review Letters 119 (Oct 2017) 161101.
21. J. D. Bekenstein, Physical Review D 70 (Oct 2004) 083509.
22. J. W. Moffat, Journal of Cosmology and Astroparticle Physics 2006 (Mar 2006) 004.
23. T. G. Tenev and M. F. Horstemeyer, International Journal of Modern Physics D 27
(Jun 2018) 1850083, arXiv:1603.07655.
24. T. G. Tenev and M. F. Horstemeyer, Reports in Advances of Physical Sciences 02
(Dec 2018) 1850011, arXiv:1808.08804.
25. C. Bohmer, T. Harko and F. Lobo, Astroparticle Physics 29 (Jul 2008) 386,
arXiv:0709.0046.
26. M. Usman, General Relativity and Gravitation 48 (Nov 2016) 147, arXiv:1612.07172.
27. A. Z. Dolginov (Sep 2011) arXiv:1110.0035.
28. P. J. McMillan, Monthly Notices of the Royal Astronomical Society 414 (Jul 2011)
2446.
29. P. J. McMillan, Monthly Notices of the Royal Astronomical Society 465 (Feb 2017)
76.
30. P. R. Kafle, S. Sharma, G. F. Lewis and J. Bland-Hawthorn, The Astrophysical Journal
761 (Dec 2012) 98.
31. P. R. Kafle, S. Sharma, G. F. Lewis and J. Bland-Hawthorn, The Astrophysical Journal
794 (Sep 2014) 59.
32. Nasa.gov, The Milky Way (2018), https://imagine.gsfc.nasa.gov/features/
cosmic/milkyway{_}info.html.
33. Paul W. Hodge, Magellanic Cloud (2009), https://www.britannica.com/topic/
Magellanic-Cloud.
34. P. R. Kafle, S. Sharma, G. F. Lewis, A. S. G. Robotham and S. P. Driver, Monthly
Notices of the Royal Astronomical Society 475 (Apr 2018) 4043.
35. J. Pen˜arrubia, Y.-Z. Ma, M. G. Walker and A. McConnachie, Monthly Notices of the
Royal Astronomical Society 443 (Sep 2014) 2204.
36. S. C. Chapman, R. Ibata, G. F. Lewis, A. M. N. Ferguson, M. Irwin, A. McConnachie
and N. Tanvir, The Astrophysical Journal 653 (Dec 2006) 255.
37. E. Corbelli, Monthly Notices of the Royal Astronomical Society 342 (Jun 2003) 199.
38. Gerard P. Michon, Sizing up the Universe - Stars, Sand and Nucleons (2016), http:
//www.numericana.com/answer/sagan.htm.
February 25, 2019 1:49 WSPC/INSTRUCTION FILE dark-matter-effect
20 T G Tenev, M F Horstemeyer
39. G. Comte, G. Monnet and M. Rosado, Astronomy and Astorphysics 72 (1979) 73.
40. Nasa.gov, The Whirlpool Galaxy (2015), https://www.nasa.gov/multimedia/
imagegallery/image_feature_2457.html.
41. Theplanets.org, Whirlpool Galaxy Facts The Planets (2010), https://theplanets.
org/whirlpool-galaxy/.
42. Messier-objects.com, Messier 63: Sunflower Galaxy (2015),
http://www.messier-objects.com/messier-63-sunflower-galaxy/.
43. Messier-objects.com, Messier 77: Cetus A (2015), http://www.messier-objects.com/
messier-77-cetus-a/.
44. C. Horellou and B. Koribalski, Astronomy & Astrophysics 464 (Mar 2007) 155.
45. R. T. Eufrasio, E. Dwek, R. G. Arendt, D. F. de Mello, D. A. Gadotti, F. Urrutia-
Viscarra, C. M. de Oliveira and D. J. Benford, The Astrophysical Journal 795 (Oct
2014) 89.
46. P. Amram, C. Mendes de Oliveira, J. Boulesteix and C. Balkowski, Astronomy and
Astrophysics 330 (1998) 881.
47. A. J. Barth, The Astronomical Journal 133 (Mar 2007) 1085.
48. M. McDonald, M. Bayliss, B. A. Benson, R. J. Foley, J. Ruel, P. Sullivan, S. Veilleux,
K. A. Aird, M. L. N. Ashby, M. Bautz, G. Bazin, L. E. Bleem, M. Brodwin, J. E.
Carlstrom, C. L. Chang, H. M. Cho, A. Clocchiatti, T. M. Crawford, A. T. Crites,
T. de Haan, S. Desai, M. A. Dobbs, J. P. Dudley, E. Egami, W. R. Forman, G. P.
Garmire, E. M. George, M. D. Gladders, A. H. Gonzalez, N. W. Halverson, N. L.
Harrington, F. W. High, G. P. Holder, W. L. Holzapfel, S. Hoover, J. D. Hrubes,
C. Jones, M. Joy, R. Keisler, L. Knox, A. T. Lee, E. M. Leitch, J. Liu, M. Lueker,
D. Luong-Van, A. Mantz, D. P. Marrone, J. J. McMahon, J. Mehl, S. S. Meyer, E. D.
Miller, L. Mocanu, J. J. Mohr, T. E. Montroy, S. S. Murray, T. Natoli, S. Padin,
T. Plagge, C. Pryke, T. D. Rawle, C. L. Reichardt, A. Rest, M. Rex, J. E. Ruhl, B. R.
Saliwanchik, A. Saro, J. T. Sayre, K. K. Schaffer, L. Shaw, E. Shirokoff, R. Simcoe,
J. Song, H. G. Spieler, B. Stalder, Z. Staniszewski, A. A. Stark, K. Story, C. W. Stubbs,
R. Sˇuhada, A. van Engelen, K. Vanderlinde, J. D. Vieira, A. Vikhlinin, R. Williamson,
O. Zahn and A. Zenteno, Nature 488 (Aug 2012) 349, arXiv:1208.2962.
49. P. A. Oesch, G. Brammer, P. G. van Dokkum, G. D. Illingworth, R. J. Bouwens,
I. Labbe´, M. Franx, I. Momcheva, M. L. N. Ashby, G. G. Fazio, V. Gonzalez, B. Holden,
D. Magee, R. E. Skelton, R. Smit, L. R. Spitler, M. Trenti and S. P. Willner, The
Astrophysical Journal 819 (Mar 2016) 129.
50. M. Milgrom, Scholarpedia 9 (2014) 31410.
